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Movement of two neonicotinoid insecticide active ingredients, clothianidin (CLO) and thiamethoxam (TMX), was investigated
in different soil types (sand, clay, or loam) and in pumice. Elution profiles were determined to explore differences in binding
capacity. Soil characterized by high organic matter content retained the ingredients, whereas high clay content resulted in long
release of compounds. Decrease in concentration was strongly influenced by soil types: both CLO and TMX were retained in loam
and clay soils and showed ready elution through sandy soil and pumice. Elution capability of the active ingredients in sandy soil
correlated with their water solubility, indicating approximately 30% higher rapidity for TMX than for CLO. Soil organic carbon-
water partitioning coefficients (𝐾oc) determined were in good agreement with literature values with somewhat lower value for CLO
in sandy soil and substantially higher values for TMX in clay soil. High mobility of these neonicotinoid active ingredients in given
soil types urges stronger precautionary approach taken during their application.
1. Introduction
Since the introduction of the first neonicotinoid insecticide
(imidacloprid) in 1991, neonicotinoids became the most
widely used systemic insecticides. Their share in the global
market for insecticides was 27% in 2010 [1], 28.5% in 2011
[2], and 16.7% in 2013 [3] and was estimated to be 16.4%
in 2015 [4]. Moreover, the compound annual growth rate of
neonicotinoids is forecasted to be 4.2% between 2014 and
2019; therefore, neonicotinoid sales are expected to grow to
reach 2650 million USD, by 2019 [3]. This reflects a predicted
gradual decline in the share of neonicotinoids in the overall
insecticide market (16.1% in 2019), in spite of the ongoing
market growth, as their compound annual growth rate does
not appear to keep up with that of all insecticides. It is
alarming, however, that the growth rate of organophosphate
insecticides remains above the average growth rate of the
entire insecticide market. The vast majority of the neonicoti-
noid active ingredients are used as seed coating, despite the
fact that their prophylactic application cannot be considered
in integrated pest management approaches, and studies from
across the US and UK indicated no consistent yield benefits
of neonicotinoid seed treatments under typical pest pressure
[5, 6]. Except for organic farming nearly all of maize seeds
planted in North America are coated with neonicotinoids,
mainly with clothianidin (CLO) or thiamethoxam (TMX).
They are also routinely applied in developing countries and
noncoated seeds are often unavailable for purchase [7]. In
Ghana they are currently applied on cocoa farms usually
four times in a year at no cost to farmers under a govern-
ment subsidized national spraying program [8]. The current
use of these systemic pesticides is not sustainable globally
[9]. Neonicotinoids appear as ubiquitous pollutants in the
environment, and especially surface water resources are
compromised. According to a recent study [10] at least one
neonicotinoidwas detected in 63%of the 48 streams in theUS
sampled, indicating the rate of exposure of nontarget species.
Evolution of insecticide-resistance of insect pests in field
populations was also reported [11, 12]. Further unintended
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consequences of overusing insecticides might involve resur-
gence of target pests as well as outbreaks of nontarget pests
[5]. There exist certain alternative agroecological techniques
in crop production to reduce neonicotinoid application, for
example, crop rotation, altering tillage and irrigation timing,
and prediction of peak pest attack by monitoring popula-
tion levels [9]. Nonetheless, pheromone use only controls
Lepidopteran and Dipteran insect, and economic threshold
levels are very difficult to bemaintained by them. In addition,
alternative agronomic strategies are not being applied on a
wide scale, and the use of crop- and region-specific decision-
support tools for neonicotinoid use is surprisingly scarce [5].
Neonicotinoids are persistent in soils under appropriate
conditions. Among others low levels in soil quality, in micro-
bial activity, in temperature, and in precipitation increase
the dissipation time. Their reported half-lives (DT
50
) vary
by compound and environmental circumstances, but range
is 150–6900 days for CLO and 35–3000 days for TMX [6].
Cases of severe bee poisoning and updated risk assess-
ment by EFSA in January 2013 led EU Commission to the
conclusion [13] that a high risk for bees cannot be excluded
except by imposing further restrictions involving withdrawal
of authorization of neonicotinoids and ban of coated seeds
for different crops. The restriction applies to the use of
3 neonicotinoids (CLO, imidacloprid, and TMX) for seed
treatment, soil application (granules), and foliar treatment
on crops attractive to bees, including certain cereals. From
an ecotoxicological aspect it is essential that the restriction
in the use of neonicotinoids should not be compensated by
increased use of organophosphates, particularly chlorpyrifos.
Reassessment of these neonicotinoids was scheduled by the
EU Commission to be executed by the end of 2015. The
corresponding scientific report was published in 2015 [14],
facilitating risk managing authorities to come to a decision
on this regulatory question of high importance.
For the analysis of neonicotinoids liquid chromato-
graphic methods [15] are generally used, although immuno-
analytical [16, 17] and gas chromatographic methods (GC)
were also reported. Due to heat sensitivity of some of these
target compounds, derivatization and/or complicated sample
pretreatment are required prior to GC measurements. For
example, imidacloprid was hydrolyzed under basic condi-
tions at 85∘C prior to its GC determination [18]; then the
aqueous solution was neutralized, the target compound was
extracted twice by chloroform, and the combined organic
solution was dried with anhydrous sodium sulfate, filtered,
and concentrated. The hydrolysis product was amenable
to GC and it was detected by mass spectrometry using
selected ion monitoring mode. In addition, electron cap-
ture detection (ECD) following GC separation was applied
for determination of TMX [19] and CLO [20, 21]. High
performance liquid chromatographic (HPLC) applications
are preferred especially for aqueous samples, as removal of
water (i.e., extraction of target compounds with an organic
solvent) and/or chemical transformation can be omitted prior
to measurement. For detection of neonicotinoids UV [22],
diode array detector (DAD) [23, 24] or mass spectrometry
[25, 26] are suitable. Determination of these ingredients from
complex matrices (e.g., foods) requires more complicated
sample preparation, as the coextracted substances often
interfere with target compounds; thus clean-up cannot be
omitted and selective detection mode (e.g., LCMS/MS) is
necessary. For the extraction of imidacloprid from soil polar
solvents (water,methanol, and acetonitrile) have been applied
[15]. In the case of TMX microwave assisted extraction and
water as solvent [27] have been used for the extraction of
residues fromvegetable and soil samples. Clean-up of extracts
has been performed by hexane partitioning (this fraction was
discarded) or by solid phase extraction cartridges containing
Lichrolut RP-18 phase (Merck). Ultrasonication-facilitated
sample preparation without clean-up has been effectively
used for extraction of CLO with ethyl acetate followed by
salting out using sodium chloride [20] and aqueous extrac-
tion of TMX [28].
The aim of this work was to study the mobility of two
neonicotinoid active ingredients currently restricted from
use by the EU [13], CLO, and TMX. The fate of these two
active ingredients appeared to be expedient to be studied in
parallel, as the compounds are related to each CLO being a
metabolite of TMX. Elution characteristics of CLO and TMX
in different soil types were studied. In order to determine
the amount of insecticide residues in soil, a reliable sample
preparation method based on the QuEChERS methodology
[29] has been optimized.
2. Materials and Methods
2.1. Materials. CLO and TMX analytical standards were pur-
chased from Fluka (purity 99.9% for CLO and 99.6% for
TMX, Pestanal). Methanol was of HPLC grade (Fisher
Chemical) and water was provided by Aqua MAX-Ultra (YL
Instrument Co. Ltd., Korea) water purification system.
For investigation of the absorption of neonicotinoids in
soils 1.20 g TMX (prepared from 5mL of Actara 240 SC,
Syngenta) and 1.03 g CLO (prepared from 2.06 g Apache
50 WG, Sumitomo Chemical) were dissolved in 2.0 liters
of water. Thus, stock solution contained CLO and TMX at
concentration of 2.06mM. For soil adsorption experiments,
this stock solution was diluted 250-fold (8.24𝜇M), that is,
approximately one-tenth of lower dose recommended by the
manufacturer (10–40mLActara 240 SC spraying agent to 100
liters of water).
Three different soil types (sand, clay, and loam) and pum-
ice have been used as media for growing the maize plants.
Sandy soil from O˝rbottya´n (Hungary) consisted of 90.8%
sand, 4.8% silt, and 4.4% clay and was characterized by low
organic matter content (0.52%). Loam, purchased in local
gardening shop as a potting soil for general purposes with
over 40% organic matter, contained 39.4% sand, 40.3% silt,
and 20.3% clay.The third soil (clay) originated fromBudapest
(Hungary) and it was characterized by 12.7% sand, 55.5%
silt, and 31.8% clay content and 2.15% of organic matter.
Pumice (vitro-clastic perlite, 1-2mm) was purchased from
Perlifert Ltd. (Hungary).This amorphous ground rockmined
in North-Eastern Hungary loses 6.26% of its mass upon
heating, and the residue consists of 73.04% SiO
2
, 13.34%
Al
2
O
3
, 5.35% K
2
O, and 1.23% Fe
2
O
3
.
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Table 1: Recoveries in the modified QuEChERS method at three concentrations.
Conc. in soil
𝜇g/g
Clay soil samples Loam soil samples Sand soil samples Pumice
CLO TMX CLO TMX CLO TMX CLO TMX
0.02 69.4 ± 10.2 83.2 ± 6.3 61.3 ± 17.5 48.3 ± 17.3 91.8 ± 7.0 100.8 ± 5.9 92.4 ± 9.1 98.8 ± 7.4
0.10 97.1 ± 2.0 91.3 ± 2.6 90.1 ± 8.5 87.8 ± 2.8 100.5 ± 3.5 99.4 ± 1.2 101.4 ± 5.4 98.7 ± 4.1
1.0 100.6 ± 9.3 99.5 ± 8.5 99.7 ± 2.6 97.2 ± 3.0 100.7 ± 2.2 102.3 ± 1.1 103.1 ± 3.5 101.5 ± 3.6
𝑛 = 3; extractions were carried out in triplicate.
2.2. HPLC Analysis. Analyses of samples were performed
on Younglin YL9100 HPLC system equipped with a YL9150
autosampler. Compounds were generally separated on a C18
column (150mm × 4.6mm i.d., 5 𝜇m) at 40∘C. A column
manufactured by Today Science Ltd. (Budapest, Hungary)
was filled with SP-120-5-ODS-AP grade Daisogel (Osaka,
Japan) phase. UV detector signals were recorded at 𝜆 =
269 nm for CLO and 𝜆 = 252 nm for TMX and used for
quantification. External calibration was based on the results
obtained for 12 standard solutions in the range of con-
centrations between 10 ng/mL and 150 𝜇g/mL. Calibration
solutions were prepared from a stock solution by dilution
with water. Dilution with methanol resulted in broad signals
or duplication of peaks at higher concentrations. Eluent flow
rate was 1.0mL/min with isocratic elution for 5 minutes
(70 : 30 = A : B eluents, A = 90% water : 10% MeOH, B =
MeOH), followed by a linear gradient (to reach 100% MeOH
at 8min, held for 3min) at the end to removenoneluting com-
pounds. Retention times were 3.17 and 4.65min for TMX and
CLO, respectively. In some cases separation of the analytes
was achieved on an Agilent Extend-C18 column (150mm ×
4.6mm i.d., 5 𝜇m) equipped with an Agilent Guard column
(12.5mm × 4.6mm i.d., 5 𝜇m). Retention times were in these
cases 2.42 and 3.38min for TMX and CLO, respectively.
Limits of detection (LODs), defined as analyte concentrations
corresponding to a signal level of signal/noise ratio of 3,
were determined with standard solutions. LOD values lied at
10 ng/mL for TMX and approximately 8 ng/mL for CLO.
2.3. Adsorption/Elution of Neonicotinoids in Soil. The time
required to reach partition equilibrium of neonicotinoids
between soil samples and water was examined by adding
200mL of aqueous solutions containing equal molar quan-
tities (1.65 ⋅ 10−6mol) of TMX and CLO to 10 g of soil. The
samples were then stirred and after different time periods
(10min, 4, 8, 24, and 72 h) both soil and liquid phases where
analyzed.
The movement of TMX and CLO through a soil column
was studied according to the procedure described for imid-
acloprid [30]. The elution profile can provide important
information on the leaching behavior of an insecticide in
different soil types.Theneonicotinoid content of the leachates
obtained by elution of the active ingredients from different
soil columns (clay, loam, or sand soils) was determined for
TMX and CLO. Soils have been previously dried overnight
on air and were filled into a chromatographic glass column
(height: 180mm, internal diameter: 40mm). Masses fitting
the column were 191.36 g, 262.71 g, 150.50 g, and 139.87 g for
clay, sand, and loam soil and pumice, respectively. Portions
of the stock solution diluted 250-fold (see Section 2.1.) were
applied.Thus, equal molar quantities (8.24⋅10−7mol) of CLO
and TMX were loaded in 10mL solution onto the columns,
which were then washed with successive 10mL volumes of
water. As each 10mL wash was added to the top of the
column, 10mL (the eluate) was displaced at the bottom. The
first eluate occurred after 80, 70, 30, and 30mL of water had
been added on the top of the column for clay, sand, loam, and
pumice, respectively. The insecticide contents in each eluate,
as well as the residues in soil, were quantified by HPLC. After
elution, the soil phases were divided into two equal parts
(upper and lower layers), and neonicotinoids were extracted
according to the optimized sample preparation procedure
(see Section 2.4).
2.4. Extraction of Neonicotinoids from Soil Samples. For the
extraction of target compounds from different soil types
several polar extraction solvents were tested, for example,
water, acetone, and acetonitrile. In contrast to water and ace-
tone, extraction with acetonitrile, using the well-established
QuEChERS procedure [29], resulted in high recoveries,
although with observable consequences in the analytical
determination in clay (see Table 1), for example, matrix
interferences and peak tailing in HPLC. As chromatographic
separation occurred in methanol-water eluents, the presence
of acetonitrile as an eluent in the mobile phase deteriorates
peak shapes. Such peak broadening and tailing occurred
if the organic solvent (e.g., acetonitrile) differed from the
HPLC eluent (methanol : water) and could be avoided by
solvent exchange. Thus, slight modification of the original
QuEChERS method by insertion of a solvent exchange step
was required. The improved procedure was carried out,
as follows: soil samples were treated with 1.0mL of spike
solution containing 10 𝜇g of both neonicotinoids (at 1.0 𝜇g/g
concentration) in water and left to dry overnight. Blank
samples were also extracted in all cases, with citrate salts
used as buffering medium in the salting out step, as it
appears to be the most commonly reported in literature
for soil matrix. To 10 g of air-dried soil sample, 14mL of
acetonitrile, and 6mL of water were added in a 50mL
centrifuge tube, and the tube was vigorously shaken for
1min, followed by ultrasound agitation for 10min and by
centrifugation at 3000 rpm for 10min. To the sample 6.0 g
of MgSO
4
, 1.5 g of NaCl, 1.5 g of trisodium citrate dihydrate,
and 0.75 g of sodium hydrogen citrate sesquihydrate were
added, the mixture was manually shaken for 1min, and then
ultrasound agitation for 5min and centrifugation for 10min
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Figure 1: Calibration curves for CLO and TMX determined at
269 nm and at 252 nm, respectively.
were performed. Into a 15mL centrifuge tube 8mL of the
supernatant was added, and clean-up was carried out by
270mg primary secondary amine (PSA), 800mg MgSO
4
,
and 270mg C18 dispersive phases. The sample was then
homogenized with vortex and centrifuged at 3000 rpm for
10min. FivemL of the supernatant was evaporated to dryness
in a 10mL test tube under N
2
stream. The residue was then
dissolved in 1mL of methanol/water mixture (3 : 7), homog-
enized with vortex, then filtered through a 0.45𝜇m polyte-
trafluoroethylene syringe filter prior to HPLC analysis. Thus,
final concentration of the extract was 2.5 𝜇g/mL in principle.
Experiments were carried out also at fortification levels of
0.10 𝜇g/g and 0.02 𝜇g/g in three replicates of each.
3. Results
3.1. Calibration of Quantitative Determination of CLO and
TMX. Both analytes were determined from HPLC peak
areas at the corresponding retention times with excellent
linear calibration characteristics (calibration curves shown in
Figure 1). Thus, for quantification of target compounds, peak
areas determined for CLO at 269 nm and for TMX at 252 nm
were used.The linear regression values of external calibration
curves were 0.9996 and 0.9994, and the slopes were 73.85 and
67.13 forCLOandTMX, respectively. Peak puritywas checked
by ratios of signal intensities (peak areas) recorded at 252 nm
and at 269 nm.These values for standard solutions were 1.685
and 0.809 for TMX and CLO, respectively. Relative standard
deviations established for different concentration levels for
three parallel injections were between 0.71% and 1.86%.
3.2. Extraction of Soil Samples. Water, acetone, and acetoni-
trile were tested as soil extraction solvents. Recoveries lied
2 4 6 8 10 12 14
0
5
10
15
20
2 3 4 5
0
5
10
15
20
25
30
TMX CLO
Time (min)
Time (min)
D
et
ec
to
r s
ig
na
l (
m
V
)
D
et
ec
to
r s
ig
na
l (
m
V
)
2.5 3.0 3.5 4.0 4.5 5.0 5.5
0
5
10
15
20
25
TMX CLO
Time (min)
D
et
ec
to
r s
ig
na
l (
m
V
) (a) (b)
(c)
Figure 2: Chromatograms of a standard solution of CLO and TMX
at 2.50 𝜇g/mL (a), a blank clay sample (b), and the same clay sample
spiked with CLO and TMX at 1.0 𝜇g/g (c). Chromatograms were
recorded at 269 nm (Channel 1, black line) and at 252 nm (Channel
2, red line). Retention times were 3.17 and 4.65min for TMX and
CLO, respectively.
around 60% for clay samples with water, whereas in extracts
of loam samples, target compounds could not be detected.
Extraction with acetone resulted in similar recoveries for clay
samples; however, target compounds appeared in the extracts
of loam soils with low recoveries (CLO 13%, TMX 21%). The
QuEChERSmethod using amixture of acetonitrile and water
gave high recoveries for both soil types, but with distorted
peak shapes (tailing) leading to calculated recoveries vastly
exceeding 100% (CLO 128%, TMX 126%) from clay soils and
somewhat lower levels from loam (CLO 107%, TMX 83%).
Deterioration of peak symmetry (tailing) disturbing recovery
calculation is due to the presence of acetonitrile in HPLC
analysis of the soil extract with the methanol-water chro-
matography eluent. Therefore, modification of the QuECh-
ERS method by removal of acetonitrile and solvent exchange
to methanol-water was essential. Under the soil extraction
procedure conditions, extraction of spiked soil samples at
levels 1.0, 0.1, and 0.02 𝜇g/g resulted in nominal concentra-
tions in the final extracts of 2500, 250, and 50 ng/mL of
the target analytes, respectively. Recoveries obtained in this
completed QuEChERS method are summarized in Table 1
and chromatograms for blank, standards, and spiked clay soil
samples prepared by this method are shown in Figure 2.
3.3. Adsorption/Elution of Neonicotinoids in Soil. The par-
tition equilibrium for neonicotinoids between soil particles
and water when being washed into the soil occurred fast,
and partition coefficients were in accordance with the water
solubility of the target analytes and their adsorptivity on soils:
experiments showed that the equilibrium emerged within
10min; thereafter, there occurred no significant changes in
the amount of TMX and CLO adsorbed to the surface of the
soil phase. Mass ratios of the dissolved (aqueous solution)
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Figure 3: Elution profiles of CLO and TMX upon absorption on soils. Concentrations of CLO (black columns) and TMX (grey columns)
measured in aqueous eluates from soil columns of sand (a), clay (b), and loam (c) soils. Eluates from pumice columns (d) are shown as control.
Concentrations in 10mL fractions of the eluate are shown in 𝜇g/mL, as a function of the fraction number.
Table 2: Soil organic carbon-water partitioning coefficients (𝐾oc)
obtained for CLO and TMX.
𝐾oc (mL/g o.c.)
Soil type Reference valuea Cited
Sand Clay Loam
CLO 106.1 153.9 159.9 160 (84–345) [35, 38]
TMX 54.4 106.2 60.4 68.4 (32.5–237) [35]
aMean values; ranges are shown in parentheses.
and adsorbed (soil) portions of CLO were 65.5, 10.4, and 0.54
for sand, clay, and loam, respectively. In accordance with its
higher water solubility, the corresponding ratios were 122,
15.1, and 1.43 for TMX, respectively. Soil organic carbon-water
partitioning coefficients (𝐾oc) obtained are summarized in
Table 2.
The effect of soil types on themovement ofCLOandTMX
in soil was investigated in a soil column experiment. Elution
profiles (Figure 3) varied by soil types studied. Poor binding
potential of sandy soil probably accounted for high levels
of neonicotinoids detected in the first 5th-6th eluates under
the high irrigation load applied (Figure 3(a)). In accordance
with its better water solubility, TMX occurred in the eluate
earlier than CLO, and its maximum concentration of TMX
(0.677 𝜇g/mL) was higher than that of CLO (0.246 𝜇g/mL).
The eluted concentrations gradually decreased in further
fractions for both compounds. High clay content soil showed
a greater capacity to bind both TMX and CLO, reflected in
their retarded downward movement, continuous leaching,
and long dissipation (Figure 3(b)). Loam displayed an even
stronger retention of both compounds, possibly due to its
high organic matter content compared to the two other soil
types. Although high concentrations (peak concentration
0.41 𝜇g/mL for TMX and 0.24𝜇g/mL for CLO) of the com-
pounds occurred in the first two fractions, probably due to the
so-called vadose zone processes and consequent preferential
flow (rapid partial passage through soil cracks and pores),
the amount of such by-passing ingredients diminished very
quickly (Figure 3(c)), and considerable amounts of both
insecticides remained in the soil. In accordance with our
expectations, soil residual level for both compounds was the
highest for loam soil and lowest for sandy soil (Table 3).
6 Journal of Chemistry
Table 3: Residues of CLO and TMX in soil columns. Residues of neonicotinoids absorbed on the soil and pumice columns. Residual levels
were separately determined in the upper and lower half segments of the columns after preparation of samples by QuEChERS method.
Conc. in extract
𝜇g/mL
Clay soil samples Loam soil samples Sand soil samples Pumice
CLO TMX CLO TMX CLO TMX CLO TMX
Upper half
segment 0.089 ∼0.010 0.352 0.299 ∼0.010 <0.010 ∼0.010 <0.010
Lower half
segment ∼0.010 ∼0.010 0.289 0.270 0.0290 ∼0.010 ∼0.010 <0.010
Pumice showed a very low binding capacity towards the
active ingredients studied. Concentrations in the first fraction
reached the highest values and then gradually decreased
(Figure 3(d)). TMX was detected even in the last eluate
fractions and was hardly detected as residue above the
LOD in the solid phase. According to water solubility data,
concentrations measured for TMX were generally higher
than that for CLO.Masses of eluted TMX compared to loaded
amounts were 86%, 82%, 34%, and 99% for sand, clay, loam,
and pumice. Corresponding levels for CLO were 66%, 48%,
22%, and 68%, respectively. The overall molar ratios of the
eluted TMX related to CLO lied at 1.11, 1.46, 1.33, and 1.26 for
sand, clay, loam, and pumice, indicating the higher mobility
of TMX than CLO in all cases. Ratios in eluates were the
most variable for sand and the least for pumice. Results are
in accordance with binding capacity of soils and with higher
water solubility of TMX.
4. Discussion
Solid-liquid extraction and partitioning at low temperature
were also proposed prior to GC-ECD determination of TMX
in soil [19]. The optimized procedure reported involved
extraction with a mixture of acetonitrile and ethyl acetate,
freezing, and drying.Themethod allowed a limit of detection
of 0.006mg/kg and 96% recovery. Recently application of the
QuEChERS extraction procedure prior to LCMS/MS analysis
of soil samples from cocoa plantations has been reported [8],
applying a desalting analyte extraction step with NaCl and
MgSO
4
in acidified acetonitrile, followed by clean-up with
PSA. Recoveries were found to be 97% for TMX and 103% for
CLO. Recoveries reported for all neonicotinoids studied were
highest with PSA (with the exception of TMX) and appeared
to decrease upon the addition of C-18 and graphitized carbon
black (GCB) sorbent. A similar procedure has been used prior
to LC-ESI-MS/MS analysis of soil grab samples collected
from maize fields in Canada [31]. CLO and TMX were
extracted by acetonitrile containingMgSO
4
, NaCl, and citrate
buffer, but solid phase extraction (clean-up) was not applied.
The QuEChERS sample preparation procedure used in
our study proved to be suitable method for extraction of
TMX and CLO from soils. Recoveries were similar to those
reported recently [8]. Our results determined at three dif-
ferent levels showed lower recoveries (48.3 to 83.2%) at low
level (0.02 𝜇g/g in soil) for clay and loam soils, whereas high
recoveries (91.8 to 100.8%) were obtained even at low level in
sandy soil and pumice of low binding capacity. Remarkable
differences in recoveries in aqueous extraction from various
soil types indicate that the rate of leaching may substantially
vary even for these water soluble ingredients.
Regarding the elution profiles, CLO and TMX can be
considered as highly mobile and susceptible to leaching in
sandy soil, but they are only moderately mobile in loam. Our
results are in accordancewith those reported for the transport
of imidacloprid [32] that exhibited high mobility in silty
kaolinite-type soil, whereas limited mobility was found in
soil with high organic matter content. Recoveries in effluent
solutionwere significantly lower (27%) in the latter case com-
pared to 69% obtained for silty soil. Similarly slow release of
imidacloprid was observed for vineyard soils with higher clay
content [30].The effect of soil types on the movement of imi-
dacloprid in different soil columns has been studied earlier
by determination of elution profiles [30], and soils of higher
clay content and increased binding capacity retarded the
movement of this compound. Thus, holding the insecticide
in the upper layers of the soil, it could be solubilized during
irrigation and thus made available to the roots for uptake.
Despite their high mobility in soil, neonicotinoids have
accumulative characteristics. Dissipation rates among other
factors are influenced by sorption to soil particles and by soil
moisture. Regarding TMX, the equivalent of 65 cm rainfall
caused leaching of 66–79% of the active ingredient [33]
from a sandy soil column. As for dissipation of TMX longer
persistence was observed under dry conditions (𝑡
1/2
200.7–
301.0 days) than inmore humid cases [33]. It is worthy to note
that, due to their large-scale use, neonicotinoids are widely
detected in arable soils [7, 31]. Thus, transport pattern of
these agrochemicals and the environmental risk of potential
leaching to groundwater supplies are strongly influenced by
soil type in addition to intensity of rain events or irrigation.
The chemical mobility of chemical substances in soil can
be assessed on the basis of liquid chromatographic reten-
tion parameters and soil thin layer chromatography (sTLC)
or in soil column leaching experiments. Retention times
observed in reverse phase HPLC, which correlate with solu-
bility characteristics and octanol/water partition coefficients,
are a vague descriptor of substance mobility in soil as
well. TMX is 12–13.5-fold more soluble in water and 1.5-
fold less soluble in octanol than CLO, and the same trend
of hydrophilic and lipophilic characteristics is seen in the
octanol-water partition coefficients (log𝑃ow = − log𝐾ow) of
the two compounds, indicating TMX to be 6.8-fold more
hydrophilic than CLO (see Table 4). Nonetheless, substance
mobility in soil is strongly affected, besides physicochemical
parameters (e.g., solubility features) of the given compounds,
also by soil characteristics. To assess the effect of soil type
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Table 4: Physicochemical constants of CLO and TMX [35, 40–42].
Solubility log𝑃a DT50
Water (g/L) Octanol (g/L) Water (day) Soil (day)
CLO 0.327b (0.304c, 0.34d) 0.938a 0.732f (0.893–0.905)g 1401i 143-1001l
TMX 4.1e 0.62a −0.13h 640
j
32.3 (7–109)m
8.4k
a25∘C; b20∘C; cat 20∘C and pH 4; dat 20∘C and pH 10; eat 25∘C and pH 7.3; fpH not specified; g0.893, 0.905, and 0.873 at pH 4, pH 7, and pH 10, respectively;
hpH 6.8 and/or not specified; iat 20∘C and pH 9; jat 25∘C and pH 7; k25∘C and pH 9; lunder aerobic laboratory conditions; munder field conditions (37 soils).
on substance mobility, sTLC methods have been established
and were proven to be reliable for predicting movement of
chemicals [34], although the utility of the method to predict
actual pesticide movement in field applications is admittedly
limited due to the high variability in soil structure and
occurrent field conditions. Determination of the 𝑅
𝑓
values in
sTLC is performed in a soil layer formed on a glass plate by
applying a soil slurry, dried subsequently.Themobility factor
𝑅
𝑓
is influenced by soil parameters, including organic matter
content, pH, and clay content. Ionic dissociation does not
seem to play a role in the physicochemical behavior of the
parent compounds; therefore, the p𝐾a values characterizing
acidity have not been taken into consideration, particularly
because alkaline conditions (under which CLO behaves as
a very weak acid with a p𝐾a value of 11.09 at 20
∘C [35])
were not used during the elution. There is usually a negative
correlation between the𝑅
𝑓
mobility indicator and the level of
organic matter and clay content in soil, but exceptions (e.g.,
for prometryne) have also been reported [36]. The relative
importance of soil parameters was also studied [37], and
substance-specific differences inmobility have been observed
between artificially commixed and field soils of the same
clay content. Yet, the most convenient and therefore widely
used laboratory method to assess substance mobility in soil
is determination of elution profiles in soil column leaching
experiments. Such a laboratory setup employs a soil column
chromatography setup (as opposed to sTLC), in which
experimental and eluent conditions can be better controlled.
Using our data obtained for partition of neonicotinoids
between soil particles and water, we have calculated the soil
organic carbon-water partitioning coefficients (𝐾oc) for the
three soil types studied (see Table 2). As lower 𝐾oc values,
in general, correlate with higher mobility, our results indicate
that TMX is 1.5–2.5-fold more mobile in soil than CLO, but
both compounds belong to the highly mobile class according
to Helling’s classification scheme [34]. The 𝐾oc values deter-
mined in our experiment occur to be close to those reported
in the scientific literature. For CLO,𝐾oc values determined in
clay and loam were very close to the average value reported
[38], while that determined in sand was somewhat lower, yet
still within the range of 𝐾oc values reported [35]. For TMX,
𝐾oc in sand and loam appeared to be closer to the average
value reported [35], with that in clay being substantially
higher, yet again much within the literature range [35].
Due to the extensive differences in the conditions under
which DT
50
values are reported in the scientific literature for
CLO and TMX and due to the fact that CLO is ametabolite of
TMX, far-reaching conclusions cannot be drawn from their
comparison for the two compounds. What is clearly seen
from median DT
50
values both in water and soil is that CLO
is substantially more stable than TMX, showing that it is a
stablemetabolite in soil.This is in agreementwith the opinion
considering TMX as a proinsecticide of CLO [39]. Moreover,
as both CLO and TMX occur to be highly mobile on the
basis of their elution profiles in given soil types (sandy soil),
their leaching potential under certain conditions has to be
taken into consideration, prompting a stronger precautionary
approach in their authorization for use.
5. Conclusion
Environmental fate of neonicotinoids and especially their
dissipation are strongly influenced by soil type, where these
ingredients are applied. Their adsorption on soil strongly
affects contamination rates and levels in surface water and
subsequent exposure of nontarget species. Our findings
showed the leaching characteristics of two neonicotinoid
insecticide active ingredients, CLO and TMX, in various soil
types (clay, loam, and sand). Both compounds were strongly
and moderately retained by loam and clay, respectively, while
they readily passed through sand, their differences in water
and organic solvent solubility having the strongest effect on
their behavior in sand. The results provide further evidence
of the mobility of these water soluble ingredients, highlight
the substantial role of soil characteristics in ingredient move-
ment, and indicate that actual concentrations of neonicoti-
noids in leachates are influenced by not only the type of com-
pound, but other factors aswell. Among them the effect of soil
type is of high importance, strongly influencing the levels and
the time of occurrence of these compounds in the leachates.
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